Purpose of review The expanding population of immunocompromised patients coupled with the recognition of a growing number of different species of fungi responsible for diseases in such hosts makes the diagnosis of invasive fungal infection (IFI) a challenging task. The recent advances and challenges in the diagnosis of IFI in the setting of immunocompromised hosts are reviewed. The advantages and limitations of histopathology and the role of culture-independent methods, such as those based on the use of nucleic acids applied to fresh and formalin-fixed, paraffin-embedded sections, besides culture-and non-culture-based diagnostic methods, to obtain a timely and correct diagnosis of IFI are highlighted. Recent findings The therapeutic implications of identifying the genus and species of the fungus present in the specimen with the molecular diagnostics applied to tissue specimens are reviewed. No method alone is efficient in correctly identifying fungi and it is essential to combine the traditional histochemical staining with molecular methods to achieve a rapid and genus-/speciesspecific diagnosis of IFI. Summary We review the recent findings and challenges in the hystopathologic diagnosis of IFI in the setting of immunocompromised hosts. Non method alone is efficient in correctly identify fungi and pathologists should combine classic staining with molecular methods to achieve a rapid and genus/species fungal diagnosis.
Introduction
Invasive fungal infections (IFIs) are increasingly recognized in the expanding population of immunocompromised hosts such as transplant recipients, people receiving immunosuppressive and chemotherapeutic agents, patients with human immunodeficiency virus (HIV) infection, and individuals at the extreme of life (i.e., premature infants and the elderly) [1] [2] [3] [4] . Diagnosis of most IFIs remains a challenging task due to nonspecific clinical presentation and lack of sensitivity of traditional microbiologic methods. In recent years, the introduction of serologic tests such as the galactomannan (GMN) and 1,3-β-D-glucan (BDG) antigens as well as molecular techniques has improved the diagnosis [5] . Nevertheless, the species of fungi responsible for disease among immunocompromised patients is expanding, making the diagnosis more complicated [6] . Histopathologic examination, together with culture, is still considered the gold standard to make a definitive diagnosis of IFIs. However, due to the many pitfalls encountered in the morphological diagnosis of IFIs and the development of highly specific molecular techniques such as in situ hybridization and nucleic acid amplification, it is clear that a pathologist with a subspecialty expertise in infectious diseases is essential in hospitals dealing with large numbers of immunocompromised hosts [7] [8] [9] . The present review will focus on the morphological aspects of some of the common IFIs, with emphasis on the pitfalls in the diagnosis and the increasing role of molecular techniques applied to tissue specimens (Table 1) . [13] . In another study conducted in Virginia, the diagnostic concordance between histopathology and culture for aspergillosis was 78% [14] . A similar prevalence (21%) of discrepant diagnoses although not only for Aspergillus spp. but also regarding other molds and yeasts were reported in a 10-year retrospective study conducted at Stanford University [15] . The authors of this study pointed out that aspergillosis should be diagnosed with caution in tissue and cytologic preparations [15] . However, their recommendation to always correlate the findings with the results of culture may not be feasible in clinical practice due to the frequent absence of a requested microbiologic culture or its unsatisfactory (less than 70%) sensitivity [16] . Sangoi and coworkers suggested to adopt a standardized report for the diagnosis of fungal infection that should include a provisional diagnosis (i.e., hyalohyphomycosis) with an appropriate accompanying comment about different possible mycoses, thus avoiding mistakes about genus identification (based on morphology) and the use of inappropriate terminology [15] . However, the increasing complexity of immunocompromised patients together with the expanding number of pathogenic filamentous fungi which show different antifungal susceptibility makes an early and accurate (genus-or species-level) identification of the causative fungal pathogen challenging to optimize drug treatment. Molecular diagnostic methods applied either to fresh or formalin-fixed paraffin-embedded (FFPE) tissue specimens have been increasingly used to help in the identification of different fungi responsible for invasive diseases [9, [17] [18] [19] . HIV human immunodeficiency virus, CGD chronic granulomatous disease, CNS central nervous system, BAL bronchoalveolar lavage, CSF cerebrospinal fluid, H&E hematoxylin and eosin, GMS the Gomori methenamine silver, PAS periodic acid-Schiff, LA latex agglutination, LFA lateral flow assay, CVC central venous catheter, GM galactomannan *All these antigen tests are available only in the USA
The majority of fungal polymerase chain reaction (PCR)-based assays target multicopy genes of ribosomal DNA (18S, 28S, and 5.8S) and the intervening internal transcribed spacer (ITS) regions, allowing the design of universal primers in order to amplify DNA from a large number of fungi [20] . In 2007, Lau et al. developed a panfungal PCR targeting the ITS1 region of ribosomal DNA (rDNA) gene cluster with subsequent sequencing of fungal DNA [17] . They showed a sensitivity of 93.6% in identifying fungal pathogens among culture-proven cases and of 64.3% among only histology-proven IFI. Interestingly, among cases of aspergillosis, the sequence allowed the identification of Neosartorya pseudofischeri instead of the phylogenetically closely related Aspergillus fumigatus as determined by culture. However, Lau et al. indicated the limitations regarding the use of panfungal PCR and observed the turnaround time of 4-5 days when using FFPE specimens and estimated 10-20% of misidentified organisms according to the fungal sequences deposited in GenBank [17] .
More recently, Salehi and coworkers, using a multiple realtime quantitative PCR (qPCR) targeting the ITS2 region of rDNA, found an overall sensitivity of 64% for the identification of fungi at the species or genus level [21•] . However, 16% of the histopathologically diagnosed cases of aspergillosis according to real-time qPCR were fusariosis (5) and mucormycosis (1). The latter diagnosis had important therapeutic implications since treatment of mucormycosis differs in a substantial way from that of aspergillosis. In this regard, it should be highlighted that in the study by Dekio et al. conducted among immunocompromised pediatric patients with histology-proven IFIs, the communication of histologic diagnosis resulted in changes in antifungal therapy in 64% of patients [16] . Another important issue with relevant therapeutic implications about aspergillosis is related to the diffusion of azole-resistant Aspergillus spp. [22] . Voriconazole has been established as the first-choice treatment for IA. However, since the late 2000s, several reports from Europe documented the emergence of clinical isolates of A. fumigatus with azole resistance that was associated with treatment failure [23, 24] . Alterations in the cyp51A gene (the azole target in the fungal ergosterol synthesis) tandem repeats and mutations in the gene itself are more frequently associated with azole resistance. Detection of azole-resistant aspergillosis is complicated by the fact that cultures are negative in up to 50% of patients with pulmonary lesions and in vitro susceptibility testing are not routinely available. In this context, van den Linden and coworkers demonstrated the feasibility of rapid detection of the more frequent mutation associated with azole resistance (TR 34 /L98H) directly on FFPE tissue specimens by a specific real-time PCR [25] .
Blastomycosis
Blastomyces dermatitidis is the dimorphic fungus (the perfect stage named Ajellomyces dermatitidis) responsible of blastomycosis (once known as Chicago disease) endemic in North America (Mississippi, Ohio, and St. Lawrence River valley) and the Canadian provinces that border the Great Lakes [26] . Although generally observed among immunocompetent patients, blastomycosis causes more severe disease (with multi-organ involvement and adult respiratory distress syndrome (ARDS) or central nervous system (CNS) involvement) and more frequently associated with fatal outcome among immunocompromised patients [27] . Pulmonary involvement with alveolar or mass-like infiltrate mimicking malignancy is the most common presentation of blastomycosis but essentially, any organ may be affected (skin and subcutaneous tissue, skeletal system, genitourinary tract, CNS, myocardium) with unusual manifestations. Morphological diagnosis of blastomycosis by examination of cytologic or tissue samples is generally entertained when single, broad-budding yeasts (that measure 8 to 15 μm in diameter) are visible by hematoxylin and eosin (H&E) or Papanicolaou stain [12, 28] . The thick refractile cell wall of the fungus stains is positive on silver stains (the Gomori methenamine silver (GMS) or periodic acid-Schiff (PAS) stain) but negative (or weakly positive) for mucicarmine [28] . Although a definitive diagnosis of blastomycosis requires a positive culture, it must be highlighted that fungal cultures are sometimes missed in view of the clinical suspicion of malignancy and the long turnaround time for culture (2-4 weeks). In a recent retrospective study conducted in Chicago, 24% of patients who underwent concomitant histopathology and culture received a diagnosis only by histology [29] . The major advantage of histopathology is the timely diagnosis of blastomycosis (1-2 days from the date of biopsy) facilitating an early antifungal treatment; however, it should be noted that 11% of culture-proven cases are missed by tissue examination and about 9% are misdiagnosed on histopathology because other fungi like Coccidioides immitis, Candida albicans, and Aspergillus grew on culture [29] . Therefore, it has been suggested that the pathology report should contain the description of the budding pattern with a list of yeasts with similar morphologic appearance [12••] .
Candidiasis
Candidiasis among immunocompromised patients can present as either superficial mucocutaneous (non-invasive) candidiasis (i.e., oral thrush and esophageal candidiasis) especially in HIV-infected patients or an invasive disease (i.e., fungemia, intra-abdominal candidiasis, hepatosplenic candidiasis) in neutropenic hemato-oncologic patients and non-neutropenic critically ill patients [2, 30] . According to a recent casecontrol study, esophageal candidiasis (EC) is the most common cause of infectious esophagitis (88% of all cases with a known etiology) with an overall incidence of 5.2% [31] . A 16-fold underestimate of EC may be observed in endoscopic diagnosis alone versus histology with mistaken diagnosis on endoscopy as eosinophilic esophagitis or Barrett's esophagus [31] . In the study by Alsomali et al., pseudohyphae infiltrating detached or intact squamous epithelium (considered the minimum criterion for EC diagnosis) was observed on H&E in 92.5% of patients and therefore these authors suggest the use of PAS/diastase to confirm the diagnosis only in negative cases presenting with ulcer and hyper-pink parakeratosis or when EC is suspected on clinical grounds [31] . The application of this strategy could allow 81% reduction in costs. In the diagnosis of invasive candidiasis (IC), the diagnostic sensitivity of blood cultures (that are considered the gold standard) is estimated to be less than 50% [32, 33] . In view of the overall crude mortality of 40-60% of IC, especially in the presence of sepsis or septic shock, alternative rapid and easily performed methods such as serum BDG or the application of technologies such as MALDI-TOF or T2 magnetic resonance have been proposed in order to expedite both diagnosis and treatment [34] . The role of histopathology in the diagnosis of acute IC is limited except in chronic disseminated disease with unusual localizations [17] . The authors illustrated a case report where a panfungal PCR with subsequent sequencing of the PCR products identified the fungus as Candida glabrata in an immunocompromised patient with a biopsy diagnosis of histoplasmosis versus candidiasis (Fig. 1) [17] .
Coccidioidomycosis
Coccidioidomycosis is caused by two species of dimorphic fungi (Coccidioides immitis and C. posadasii) and is endemic in several states of North America (California, Arizona, Texas, New Mexico, Utah, Nevada) as well as in South American nations (Mexico, Guatemala, Honduras, Argentina, Brazil, Paraguay, Bolivia, and Venezuela) [35] . More than 60% of healthy subjects exposed to the fungus do not develop symptoms whereas the remainder develops a community-acquired pneumonia. Immunocompromised patients (i.e., HIV-seropositive subjects, those receiving anti-tumor necrosis factor (TNF)-α therapy, or allogenic transplant recipients) living in endemic areas are at risk of either acute or reactivated infections with pulmonary and/or disseminated disease [35, 36] . The classic pathologic hallmark of coccidioidomycosis is the presence of spherules of various size (depending of their maturation stage) containing multiple endospores and are easily observed with H&E [12••] . The mature spherulae are pathognomonic and easily diagnosed by expert pathologists but young spherules may be mistakenly confused with several fungi like Histoplasma, Blastomyces, Candida, Emmonsia, or Pneumocystis [37] . A recent series from Arizona examining the cytological diagnosis of coccidioidomycosis over a 10-year period showed that majority of the specimens were from lung, either fine-needle aspirates (FNA) or bronchoalveolar lavage (BAL) [38] . Conventional Papanicolaou smears gave more pink staining of spherules in comparison with rapid Papanicolaou. In addition, budding and hyphal forms were more frequently seen in BAL specimens whereas immature spherules predominated in pulmonary FNA specimens. Mesothelial and bronchial cells may at times show mild cytologic atypia and GMS stain was particularly helpful for the identification of very small spherules in BAL specimens [38] . Recently, two recent series of coccidioidomycosis with unusual presentation in pleural and skeletal presence of spherules was lower in pleural coccidioidomycosis (mean density < 1/10 high-power field (HPF)) than in skeletal coccidioidomycosis (mean density 4.8/HPF) and in the latter, it was higher in immunocompromised patients (median 4.3/HPF versus 1.6/HPF) [39, 40] . Granulomatous inflammation was present in both locations of the disease but was universal in the pleural form while they were observed in only one third of patients with the skeletal localization. A real-time PCR designed to target the ITS2 region of Coccidiodes spp. showed a 100% sensitivity and 98.4% specificity for the diagnosis of coccidioidomycosis on respiratory specimens, when compared with culture [41] . The sensitivity of the assay dropped significantly (73.4%) when used on paraffin-embedded tissue samples. By contrast, Montone et al. showed on a small number of FFPE pulmonary tissue specimens that in situ hybridization (ISH) using locked nucleic acid probes targeting ribosomal RNA sequences of Coccidioides spp. can rapidly confirm the diagnosis in spite of negative concurrent culture [42] .
Cryptococcosis
Cryptococcosis represents one of the most common opportunistic invasive fungal disease worldwide with the highest burden among HIV/AIDS patients especially in sub-Saharan Africa [43] . However, an updated estimate in 2017 indicated a 70% reduction of the global cases among HIV-infected patients with still a high number of cases (278,000). In fact, cryptococcal meningitis accounts for 15% of AIDS-related mortality [44] . Interestingly, the recent whole-genome sequencing studies suggest to split Cryptococcus neoformans into two species (C. neoformans and C. deneoformans) and C. gattii into five species (C. gattii, C. bacillisporus, C. deuterogattii, C. tetragatti, and C. decagattii) although consensus between researchers in the field has not yet been achieved [45, 46•, 47, 48] . The morphology of Cryptococcus spp. is that of a spherical to oval encapsulated yeast with a narrow-based budding. The polysaccharide capsule is stained by mucicarmine, PAS, and alcian blue whereas GMS stains the fungal wall [12••] . In general, diagnosis of cryptococcal meningitis or disseminated disease in immunocompromised patients is easily achieved by using India ink stain (on cerebrospinal fluid), culture and latex agglutination, enzyme immunoassay, or lateral flow assays (as point-of care) targeting the cryptococcal antigen [49, 50] . The latter shows high sensitivity and specificity but may be negative in localized infections and in the presence of acapsular cryptococci [51] . Moreover, when the mucin capsule is absent, it can be difficult to distinguish Cryptococcus from Candida glabrata and Histoplasma capsulatum, especially in necrotic tissues [12••] . Recently, Indian researchers proposed to use the acid-fast property associated with the mycolic acid in the cell wall of Histoplasma spp. to differentiate it from Cryptococcus [52, 53] . Ranjan et al. examining FNA cytology showed that Histoplasma stained as blue-colored yeasts whereas Cryptococcus displayed only clear haloes with the Ziehl-Neelsen (ZN) stain [52] . In the study by Rajeshwari et al., 46 .5% of tissue specimens with a diagnosis of histoplasmosis stained positive with ZN stain [53] .These authors found that cryptococci stained with ZN showed magenta color that can be differentiated from the bright pink cytoplasmic staining of Histoplasma [53] .
Several studies have evaluated post-mortem findings of cryptococcosis in AIDS patients showing the frequent dissemination of the disease besides the CNS with an average of 3.8 organs per patient involved [54, 55] . Excluding CNS, the organs more frequently involved are lungs, lymph nodes, kidney, liver, spleen, and adrenal glands. Interestingly, the agreement rates of pre-mortem and post-mortem diagnosis was more than 95% in an Italian study but only 64.4% in a Brazilian one [54, 56] .
Emergomycosis (Emmonsiosis)
Emergomycosis (formerly emmonsiosis) refers to a disseminated infection caused by a newly recognized dimorphic fungus originally named Emmonsia pasteuriana when first isolated in an Italian woman with AIDS [57] . Skin biopsies initially misinterpreted as histoplasmosis showed yeast-like cells with pleomorphic features resembling either H. capsulatum or Blastomyces dermatitidis but without the broad bud base of the latter fungus. Subsequently, other cases of Emmonsia pasteuriana and a novel Emmonsia-like fungus were reported from Spain, India, China, and South Africa [58] [59] [60] . Actually, both fungi were classified by means of morphological and phylogenetic analyses as members of the Ajellomycetaceae in the new genus Emergomyces and named Emergomyces pasteurianus and E. africanus sp. nov (formerly Emmonsia sp. 5) [60] . New Emergomyces species have been isolated in Germany and Canada and this genus should be considered an emerging opportunistic pathogen [61, 62] . Skin and lung are the more frequently affected sites in disseminated emmonsiosis among HIV-infected patients but any organ may be involved. It is clinically misdiagnosed as tuberculosis, histoplasmosis, or other diseases [62] . Histopathology showing yeast-like cells can mimic histoplasmosis, blastomycosis, and sporotrichosis, with in vitro culture providing the correct diagnosis.
Histoplasmosis
Histoplasmosis caused by Histoplasma capsulatum var. capsulatum has a worldwide distribution although it is erroneously considered endemic almost exclusively in the Mississippi and Ohio River Valleys in the USA [63, 64] . Impaired cell-mediated immunity as observed among HIV/ AIDS patients, solid organ, or bone marrow transplant recipients and those treated with TNF-α blocking agents is the known predisposing condition associated with progressive disseminated histoplasmosis (PDH) [4 , 65-67] . Characteristic histopathologic features are clusters of yeasts phagocytized by macrophages or the presence of small (2-4 μm) narrow-based budding yeasts in the extracellular space. The cell wall is highlighted by GMS and PSA staining [12••, 68] . Morphologically, the differential diagnosis of histoplasmosis includes several fungi (B. dermatitidis, Coccidioides spp., Cryptococcus spp., Pneumocystis jirovecii, Talaromyces marneffei, and Candida glabrata) as well as protozoa (Leishmania spp., Trypanosoma cruzi, and Toxoplasma gondii) [12••, 69, 70, 71•] . Fine-needle aspiration biopsy (FNAB) is especially used to diagnose and differentiate granulomatous infections such as histoplasmosis from sarcoidosis and neoplasia when lung mass lesions or mediastinal adenopathy are observed on computed tomography imaging [72] [73] [74] . A retrospective study examining 500 lung biopsies and resections containing granulomas from seven countries showed that sarcoidosis (27%) and mycobacteria and fungal infections (25%) were the most commonly identified causes [75] . Moreover, fungi were mostly detected by histology, with histoplasmosis as the most frequent one and fungal infections being more common in the USA (19 versus 4%) than in other countries [75] .
Gailey et al. in their study of histoplasmosis [58] and sarcoidosis (44) frequent bland necrosis, no or rare granulomas (< 2 per slide), foreign body-type giant cells, and yeasts (62% of cases) using GMS-stained material indicated the diagnosis of histoplasmosis. [72] . In PDH, the sensitivity of culture to identify the fungus is about 74%. Given the fact that cultures are not always performed and the difficulty to rule out other microorganisms, molecular methods can aid the diagnosis. A real-time PCR targeted to a 99-bp portion of the 100-kDaspecific protein gene showed a sensitivity of 88.9% and a specificity of 100% when tested on nine FFPE culturepositive specimens [76] . However, the handling and the long storage of the paraffin blocks with possible contamination with spores of environmental fungi limit the use of FFPE for the correct identification at the species level [77] .
Mucormycosis
Mucormycosis (formerly zygomycosis) is an emerging mold infection especially in developing countries affecting immunocompromised patients including those with uncontrolled diabetes [78] [79] [80] . Rhizopus, Mucor, and Lichtheimia are the species responsible for around 80% of cases but other species (Rhizomucor, Cunninghamella, Actinomucor, etc.) may be implicated in causing disease [80] . Ribbon-like hyphae, with no or few septations, and right angle branching are considered the hallmark histopathologic characteristics of mucormycosis [12••] . Angioinvasion frequently associated with intravascular thrombosis and coagulative necrosis is observed in patients with malignancy and mucormycosis [81] . Although culture is considered the gold standard for correct species identification of Mucorales, the yield is low.
Differentiation of mucormycosis from aspergillosis and other hyaline septate molds is crucial due to the difference in response to antifungal drugs. The tissue morphology alone can be misleading [82] . Immunohistochemistry (IHC) on FFPE tissue showed 100 and 87% sensitivity in cases of proven mucormycosis and aspergillosis, respectively [82] . However, 25% of patients with a probable diagnosis of invasive pulmonary aspergillosis showed positive IHC for mucormycosis. A real-time qPCR targeting the ITS region of rDNA showed a 62% sensitivity in cases with histopathologic diagnosis of mucormycosis but in 11% of the specimens, the species identified were Aspergillus flavus [21•] . Another study using a semi-nested PCR for the diagnosis of mucormycosis and aspergillosis exhibited 79.3% sensitivity [83] .
Pneumocystosis
Pneumocystis jirovecii is the human species of an atypical fungus that causes pneumonia and only rarely extrapulmonary disseminated disease among immunocompromised hosts [84] . Recognized since the beginning of the AIDS epidemic as one of the more frequent AIDS-defining diseases, pneumocystosis is increasingly diagnosed among kidney transplant patients, individuals with autoimmune diseases, and those receiving TNF-α [85] . Bronchoalveolar lavage fluid is the usual diagnostic specimen employed to make the diagnosis of pulmonary pneumocystosis by cytopathology because a culture method for this fungus is lacking. The organism can be overlooked with H&E and the presence of eosinophilic alveolar casts is considered very important to perform a GMS staining to highlight the characteristic thin-walled cysts (2-5 μm). Fluorescent staining with monoclonal antibodies increases the sensitivity in diagnosis but it is not always available [86] . In a recent study, the use of toluidine blue staining showed a sensitivity ranging from 71.4 to 85.7%, depending on the subset analyzed, but results were similar to histopathology [87] Pneumocystis PCR has been shown to be the most sensitive method with a fourfold increase of annual detections of pneumocystosis cases when compared with toluidine blue staining [87] . To differentiate colonization from true infection, Damiani et al. proposed the combination of a qPCR cut-off (1.6 × 10 3 and 2 × 10 4 copies/μL) on BAL and a BG serum threshold (100 pg/mL). [88] . In the morphologic differentiation of P. jirovecii and H. capsulatum with granulomatous reaction, in the absence of budding (H. capsulatum), the shape (spherical versus oval) and size of the intracystic bodies (capsular dot) are the best clue to avoid misdiagnosis [89] .
Talaromycosis (Formerly Penicilliosis)
Talaromyces (formerly Penicillium) marneffei is a dimorphic fungus, endemic in Southeast Asia, Southern China, and Northeastern India. It is responsible for a disseminated disease among immunocompromised hosts (especially HIV-positive patients) including travelers [90] [91] [92] . Biopsies are usually obtained from skin, bone marrow, and lymph nodes and are helpful in making a rapid histopathologic diagnosis based on the characteristic yeast-like cells that divide by binary fission and show a typical transverse septum on GMS [93] [94] [95] .
Autopsy Studies
Although the number of autopsies is declining worldwide, there is agreement that autopsy studies are of pivotal importance in the knowledge of the evolving epidemiology of IFIs as well as in identifying major discrepancies between intravitam clinical and post-mortem diagnoses [56, 96, 97, 98•] . Autopsy studies regarding IFIs performed in different categories of immunocompromised hosts have been recently reviewed by Dignani showing that during life, half of IFIs are missed and the median prevalence of IFIs at autopsy is 9% [98•] . However, several issues need to be addressed, namely the concomitant role of conventional or molecular microbiology in correctly identifying fungi at autopsy [98•, 99] . A study conducted in Thailand found an 89.5% concordance between histopathology and panfungal PCR with fusariosis misinterpreted as aspergillosis [100] .
Conclusions
The identification of fungal pathogens by histopathology remains an important means to rapidly make a diagnosis of IFIs among immunocompromised patients. However, the pitfalls encountered in the correct identification of fungi at the species level are an important factor that can influence adequate treatment in the era of expanding antifungal armamentarium. The use of molecular methods (i.e., panfungal PCR, species-specific PCR, quantitative real-time PCR) is emerging as a useful approach to improve the diagnosis.
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